Abstract Rifting along southeastern Eurasia in the Late Cenozoic led to the formation of a magma-poor rifted margin facing the South China Sea to the southeast and the Philippine Sea to the east. Further rifting along the outer part of the margin during the middle to late Miocene was accompanied by an extensive episode of intraplate flood volcanism that formed the Penghu Archipelago. Previous geophysical studies in the area of the strait have focused primarily on the shallow structures of the rift basins and the depth to the Moho. In this study we present the regional-scale 3-D S wave structure of the Taiwan Strait that is derived from a joint Chinese and Taiwanese 3-D ambient noise tomography study. The S wave model shows a thinning of the crust beneath the rift basins where, locally, thin high-velocity layers suggest the presence of intrusive bodies. The rift basin and the foreland basin along the west coast of Taiwan are imaged as low-velocity zones with thicknesses between 5 and 10 km and extending eastward beneath the Taiwan mountain belt. In the upper 10 km of the crust, the basaltic rocks of the Penghu Archipelago are imaged as a high-velocity zone that, with depth, becomes a relatively low-velocity zone. We interpret this low-velocity zone in the lower crust and upper mantle beneath the Penghu Archipelago to image a thermal anomaly related to the still cooling magma feeding system and the melt reservoir area that fed the flood basalts at the surface.
Introduction
The Taiwan Strait is a shallow water (<100 m deep) part of the magma-poor southeast Eurasian margin situated between mainland China and Taiwan. It forms a tectonically stable area that is landward of the active eastern edge of the Eurasian Plate (EUP) in the tectonically complex area on and around Taiwan. Around Taiwan, the Eurasian margin that underlies the Taiwan Strait is subducting beneath the Philippine Sea Plate (PSP) along the Manila subduction zone. At the same time, the Philippine Sea Plate is subducting northward under the Eurasian plate along the Ryukyu subduction zone, and the Okinawa Trough is forming a back-arc basin that impinges on northeastern Taiwan (Figure 1 ) [Suppe, 1984; Hsu, 1997, 2004] . The Taiwan Strait is flanked to the west by the Paleozoic Wuyi-Yunkai orogen and to the southeast by the South China Sea (Figure 1a ).
Despite its importance for the structural development of the Taiwan orogen [Lin et al., 2003; Mouthereau and Petit, 2003; Teng and Lin, 2004] , the structure of the crust and upper mantle of the Eurasian margin has not been extensively studied in the Taiwan Strait. Early studies were carried out primarily for hydrocarbon exploration purposes and were therefore focused on the shallow crustal structure and sedimentary basins [e.g., Gao and Huang, 1994; Lin and Watts, 2002; Lin et al., 2003] (Figure 1) . Studies of the deeper crust have focused exclusively on the crustal thickness and the geometry of the Moho. For example, studies of Pn velocity [Huang et al., 1998 ], gravity data [Hsieh et al., 2009] , and Rayleigh wave [Huang et al., 2014] and P wave tomography [Kuo et al., 2015] have shown that the crustal thickness in the Taiwan Strait is around 30 ± 2 km. Nevertheless, these crustal-scale studies were not of sufficient resolution to identify features within the crust. Finally, while these previous studies identified the upper crustal structure associated with sedimentary basins and the depth to the Moho in the Taiwan Strait, there are no geophysical studies that examine the volcanic edifice of the [Yan et al., 2006; Franke, 2013] . In this study, we present the results of a joint Chinese and Taiwanese study to obtain a regional-scale, 3-D S wave (Vs) model that is derived from ambient seismic noise tomography with the aim of investigating the structure of the magma-poor Eurasian continental margin beneath the Taiwan Strait.
Geological Background
The part of the Eurasian margin that underlies the Taiwan Strait evolved from a subcontinental subduction system in the Late Cretaceous [Li et al., 2007; Lan et al., 2008 ] to a rifting margin by the early Eocene and, during the late early Oligocene, to seafloor spreading and the formation of the South China Sea [Lin et al., 2003; . The subsequence rift architecture of this part of the Eurasian margin consisted of a broad platform with deep, fault-bounded basins (i.e., the Taishi and Penghu basins, Figure 1 ) [Chen and Yang, 1996; Hsu et al., 2001; Lin et al., 2005; Li et al., 2007; Lin et al., 2008; Yeh et al., 2012] that locally accumulated up to approximately 5 km of clastic sediments [e.g., Lin et al., 2003] . To date, little Eocene-age magmatism has been reported from the Taiwan Strait area [e.g., Yan et al., 2006 ] although, recently, Wang et al. [2012 and Huang et al. [2013] reported Eocene ages from volcanic rocks in the Taiwan Strait and on the island of Taiwan. Extension during the middle and late Miocene affected much of the outer part of the southeast Eurasian margin to various degrees, in particular forming the deep Tainan Basin (TB in Figure 1b ) [Lin et al., 2003] . The Miocene extension was accompanied by the eruption of voluminous intraplate flood basalts that formed the Penghu Archipelago Chen, 1992, 1999; Chung et al., 1994] . Since the onset of arc-continent collision in Taiwan in the latest Miocene, loading and bending of the Taiwan Strait crust has resulted in the formation of a foreland basin that now contains several kilometers of clastic sediments [Lin et al., 2003; Tensi et al., 2006] .
Data and Measurements
In this study, we use the ambient noise surface wave dispersion to investigate the S wave velocity structure of the Taiwan Strait. We used the available seismic networks from both side of the strait. These include stations The methodology for the data handling can be divided in to four main parts: (1) preparing and organizing the data from each station, (2) extracting the empirical Green's function (EGF) for each station pair by cross correlation, (3) measuring group and phase velocities as a function of frequency for Rayleigh and Love wave dispersion from the EGF, and (4) jointly inverting the dispersion curves to obtain the 3-D S wave velocity model. We provide detailed descriptions of each part of the procedure in the following sections.
The data were stored in 1 day periods for each file. For each data period, we removed the daily trends, obtained the mean, and then deconvolved the instrument response. To obtain the surface wave velocity of the fundamental Love wave, the transverse (T) component was calculated from two horizontal components that were rotated to radial and transverse components based on the azimuth between the station pair [Campillo and Paul, 2003] . The next step consisted in the calculation of the cross-correlation function (CCF) between each pair of stations to represent their corresponding empirical Green's function (EGF) and the CCF in the frequency domain. We also applied spectral whitening to reduce resonance effects at certain frequencies [Bensen et al., 2007] . The signal-to-noise ratios of the CCF were enhanced using Welch's method [Seats et al., 2012] , where the final CCF was derived by stacking the results of the daily records of all CCFs and processing these using a moving window with partial overlap. The windows with anomalous signals (such as earthquakes) were omitted for the CCF calculations by setting a threshold greater than 1.1 times the standard deviation of the amplitude distributions of a particular day (see Figures S1 and S2 in the supporting information for detailed descriptions). In ambient noise formalism, the EGF of a stacked signal at a station pair is approximately coincident with the surface wave Green's function between the two stations (i.e., one station can be thought of as the source and the other as the receiver) and can be treated as such. The vertical and transverse components of the surface waves are dominated by fundamental Rayleigh and Love waves, respectively. We used frequency-time analysis [Levshin and Lander, 1989] and an image transformation technique [Yao et al., 2005 [Yao et al., , 2006 ] to measure the EGF group and phase velocities, respectively, as a function of frequency. The frequency-time analysis determines group velocities from the arrival times of the peak of envelopes after applying a Gaussian filter at a different central frequency. The image transformation technique constructs a time period (t-T) image for the surface wave component. Each column of the image is the normalized amplitude corresponding to the filtered central period (T): we used an interval of 2 s for T in this study. We then converted the phase velocity (c) from time (t) by using the far-field representation of the Green's function for the surface wave fundamental mode [Aki and Richards, 2002; Yao et al., 2006] . The 2π ambiguity of the phase velocity for one period can then be calculated from the previous results of the group velocity. This is based on the assumption that velocity increases with the time period (see Figure S3 in the supporting information for an example of t-T image). Based on the experience of analyzing the data [Bensen et al., 2007; Lin et al., 2009; Porritt et al., 2011; Mordret et al., 2013] , the longest measurable period for station pairs depends on its interstation distance, which should be at least 2.5 times larger than the wavelength. Because of this, we measured the dispersion curves over a period ranging from 4 to 50 s (Figure 3 ). Note that two groups of dispersion curves are clearly visible below 18 s in both the Rayleigh and the Love waves. The high-velocity curves correspond to the ray paths in crystalline rocks in Fujian, while the low-velocity curves can be correlated with sedimentary rocks in the Taiwan Strait (see Figure S4 in the supporting information). Furthermore, the signal-to-noise ratios of the EGF of Love waves are lower than those for Rayleigh waves owing to stronger attenuations of the Love waves [Shearer, 2012] .
To obtain the 3-D shear velocity structure of the crust, we jointly inverted the Love and Rayleigh phase-and group-dispersion measurements. We applied the wavelet-based sparsity-constrained tomography method described in Fang et al. [2015] in which the model parameterization is inherently adaptive to the data distribution. The advantage of this method is that the multiresolution representation of the wavelet transform solves the model parameters (that is, wave speed anomalies) in the wavelet domain, and it resolves features of different scales depending on the strength of the local constraints. In addition, the method deals with ray tracing in an inhomogeneous medium using the fast marching method [Rawlinson and Sambridge, 2004] . This results in rays gradually bending toward high-velocity zones. Phase and group velocities are sensitive to changes in the media structure (Vp, Vs, and density) and, in particular, longer periods are sensitive to deep structure, whereas shorter periods are sensitive to shallower structures. This means that if the model changes at a certain depth, changes will be seen in the dispersion curves at the corresponding periods. The sensitivity kernels strongly depend on the model in which we calculate the partial derivatives. In the first iteration, the Vs model is a function of depth, and we scale it to obtain Vp and density by using the empirical relationship of Brocher [2005] . Although Vs accounts for the largest part during the inversion, the sensitivity kernels of both the empirical Vp and density are also taken into account in the kernel matrix in the inversion scheme [Simons and van der Hilst, 2003; Fang et al., 2015] . After the first iteration, the resultant Vs model is taken to be the initial Vs model for the next iterations. Also, for each iteration we update the Vp and density models from the previous inversion and calculate a new sensitivity kernel and we performed 10 iterations for the final velocity structures (see Figure S5 in the supporting information for the misfit-iteration plot).
Resolution Test
In order to test the robustness of the subsurface images, we use two different grid sizes for the inversion: 0.5°( longitude) × 0.5°(latitude) × 5 km (depth) and 0.25°(longitude) × 0.25°(latitude) × 5 km (depth). The largescale structures from the two grid size inversions are overall similar, although the smaller grid size inversion shows more a detailed structure (see Figures S6 and S7 in the supporting information for the comparison between the path density plots and the results of two grid sizes). The results obtained in the finer grid at shallow depth are consistent with the location and structure of the major basins and platform areas imaged by reflection seismic profiles in the Taiwan Strait [Lin et al., 2003] , indicating that these features can be resolved with our data set (Figures 4) . Also, the relatively high-velocity zone imaged by our data in Taiwan's Central Range (CR) is consistent with P wave tomography results [Kuo-Chen et al., 2012a] and ambient tomography results [T.-Y. at 0 km depth (Figure 4) , furthermore indicating the robustness of our data set for imaging crustal structures. Therefore, taking into consideration the distribution of stations across the Taiwan Strait, we select the inversion results of the smaller grid size (0.25°(longitude) × 0.25°(latitude) × 5 km (depth)) as our preferred model. In order to assess the resolution of this inversion, we performed checkerboard tests by alternatively assigning 10% positive and negative S wave velocity anomalies to adjacent grids using grid sizes 0.5°× 0.5°× 10 km depth in the upper 10 km and 0.5°× 0.5°× 20 km to the base of the model. These checkerboard tests show that from 0 to 40 km depths the crust in the Taiwan Strait and Taiwan are well resolved and from 40 km to 60 km depth can be only roughly resolved for the positive and negative velocity anomalies in the Taiwan Strait. Therefore, on the basis of the resolution test results, we only interpret features with a dimension of~0.5°× 0.5°or larger. Beneath Taiwan, however, the checkerboard test pattern is smeared, indicating that the resolution is poor at this depth range (Figures 4 and 5) . Finally, there is a relative low-velocity zone in the lower crust and upper mantle (at 20-60 km depth) beneath the Penghu Archipelago for which we carried out further tests in order to verify if this result is resolvable with the data set ( Figure 6 ). In this test, raypaths for each station pair were used and the theoretical travel time for each period and for each station pair is calculated based on our input model, which has a lower velocity anomaly beneath Penghu archipelago. We then calculated theoretical travel times as input data to invert the shear velocities in order to see if the low-velocity anomaly is resolvable or not. Technically, the process of the synthetic testing is almost the same as the checkerboard test [Fang et al., 2015] . The difference between the two is the input 3-D shear velocity model, which is composed of assigning alternating 10% positive and negative velocity anomalies for the checkerboard test, whereas the synthetic test comprises a local 10% negative velocity anomaly under Penghu archipelago. In the forward calculation, the travel times of Rayleigh and Love waves are calculated for the 3-D input models using the group and phase velocities of each period and for each station pair, respectively. In the inversion, the theoretical travel times serve as the data and a 1-D velocity structure was used as the initial model for the inversion process. The inverted shear wave velocity model is then the result of the checkerboard and synthetic tests in order to see if the velocity anomaly is resolvable or not. The inverted shear wave velocity model results from the synthetic tests suggest that the low-velocity zone beneath the Penghu archipelago can be resolved with this data set (Figure 6 ). Figure 4 shows map views of the S wave velocity perturbation results of our preferred final model and the associated checkerboard tests for depths of 0, 20, 40, and 60 km. At 0 km depth (Figure 4) , there is a relative velocity high reaching to 3.5 km/s ( Figure 5 ) along the western side of the Taiwan Strait, near the coastline of China. The rest of the strait displays relative low-velocity zones that coincide with the locations of known major extensional basins imaged by reflection seismic data [Lin et al., 2003] . One of these, the Taihsi Basin (TB), displays a velocity of around 2.0 km/s (sections A-A' and B-B' of Figure 5 ) and extends onto the western margin of Taiwan where it coincides with the foreland basin and the uplifted platform sediments in the mountain belt. At 0 km depth, the Penghu Archipelago displays a relatively high velocity (Figure 4 ) that reaches to about 3.2 km/s (section C-C' of Figure 5 ). At 20 km depth, the pattern of velocities is reversed if compared to the 0 km depth image. At this depth, the relatively high-velocity zones along the western side of the Taiwan Strait and in the Penghu Archipelago become relative lows, whereas the areas occupied by the extensional basins become relative velocity highs. This pattern becomes especially well developed at 40 km depth, where the northeastern margin of China and the Penghu Archipelago show strong velocity contrasts compared to the surrounding parts of the margin and the island of Taiwan. This coincides with a pronounced increase of S wave velocity to greater than 4.25 km/s beneath the Kuanying Platform and the Taishi Basin 
Results

Discussion
The Eurasian continental margin that underlies the Taiwan Strait evolved from a magma-poor rifting margin in the Early Eocene to seafloor spreading and the formation of the South China Sea during the late early Oligocene [Lin et al., 2003; . In previous studies, the crust below the Taiwan Strait is generally estimated to be about 30 km thick, thickening to greater than 50 km below Taiwan [Yeh et al., 1998; Kim et al., 2004; Kuo-Chen et al., 2012a; Ustaszewski et al., 2012; Huang et al., 2014; Wu et al., 2014] . The determination of sharp discontinuities, such as the Moho, from surface wave dispersion is not straightforward [e.g., Lebedev et al., 2013] . In this study, therefore, we estimate the crustal thickness from the calculated S wave model by assigning a velocity range of between 4.0 km/s to 4.25 km/s as the crustal-mantle transition ( Figure 5 ). This range of velocity is in agreement with that of Huang et al. [2014] . In this way, we estimate the crustal thickness in the western part of the Taiwan Strait to be 30 km ± 2 km, which is similar to that obtained by studies of Pn velocity [Huang et al., 1998 ] and gravity data [Hsieh et al., 2009] . Beneath the island of Taiwan, however, the crust is thicker than the 40 km depth limit of the model resolution (Figures 5a and 5b ), so we cannot make any estimate for the crustal thickness in this area. From northwest to southeast, the crustmantle transition shows significant topography and velocity anomalies that appear to be related to features developed in the crust (see below).
With the opening of the South China Sea the architecture of the Eurasian margin beneath the Taiwan Strait consisted of a broad platform with deep, northeast-southwest oriented, fault-bounded basins that were subsequently filled with clastic sediments [Hsu et al., 2001; Lin and Watts, 2002; Lin et al., 2003; Teng and Lin, 2004; Cukur et al., 2011] . In the Vs model, the Taihsi and Penghu basins (TB and PHB in Figure 5 ) are very well imaged as areas with a S wave velocity of less than 3 km/s (Figure 5a ) and a dVs of around 20% (Figure 7) . The extension in depth of these low-velocity anomalies suggests a basins thickness of about 5 km, in agreement with the estimations obtained by Lin et al. [2003] from seismic reflection data. In section A-A' (Figures 5 and 6) a high-velocity zone in the midupper crust beneath the Kuanying Platform (KYP) is associated with a zone of crustal thinning and can be interpreted as intrusive rocks associated with widespread flood volcanism that took place along the margin during the Miocene [e.g., Juang and Chen, 1992; Cukur et al., 2010] . A similar feature is imaged in sections B-B' and C-C' where crustal thinning and a thin, relatively high-velocity zone is present beneath the Taihsi Basin (Figures 5 and 6 ). We interpret these features to be related to the rifting and Moho uplift that took place during the Eocene. The high-velocity zone imaged in the middle crust beneath the central part of the basin can be interpreted to be a magmatic sill intruded during the rifting, in agreement with recent results from reflection data in East China Sea Basin [Cukur et al., 2010] .
Extension during the middle and late Miocene affected much of the outer part of the Eurasian margin to various degrees [Lin et al., 2003] . This extension was accompanied by the widespread eruption of intraplate flood basalts in the Penghu Archipelago Chen, 1992, 1999; Chung et al., 1994] . Section C-C' passes through the Penghu Archipelago, imaging a high-velocity anomaly at the surface that extends eastward into the middle crust beneath the western margin of the Tainan Basin (TNB) (Figures 5 and 6 ). We interpret this feature directly below the Penghu Island as the basaltic edifice built during the lava extrusion. In this scenario of intraplate flood volcanism [e.g., Huppert and Sparks, 1988; Jerram and Widdowson, 2005] , the high-velocity zone beneath the western margin of the Tainan Basin can be interpreted to be a gabbroic sill intruded into the middle crust (Figure 7 section C-C'). Directly below the Penghu archipelago, a low-velocity zone at the base of the crust could be related to the still cooling melt reservoir and magma feeder system that underlies the Penghu volcanic edifice. It is well known that seismic velocities decrease significantly with an increase in temperature Salibury, 1979, Christensen and Mooney, 1995] . Furthermore, since the duration of heat dissipation in a melt reservoir is the square of the width of the heat-producing zone [Burg and Gerya, 2005] , the large size of the area of the Penghu Islands at the surface (at least 2500 km 2 ) suggests that it may take up to 100 Myr to complete the conductive cooling of the entire volcanic plumbing system [Burg and 10.1002 /2015TC004097 Gerya, 2005 . Therefore, since the volcanic activity in the Penghu Archipelago has been dated at around 16.2~8.2 Ma [Juang and Chen, 1999] , elevated temperatures would likely still persist within the crust and upper mantle. Similar low-velocity features thought to be related to high temperature from a lava eruption that occurred 11-12 Myr ago have been imaged in Yellowstone-Snake River Plane [Roth et al., 2008] .
In sections B-B' and C-C' the low-velocity zone that corresponds to the Taihsi Basin (TB in Figure 7) , along the west coast of Taiwan (marked by the arrow in Figures 5 and 6) , is in part due to sediments being deposited in the foreland basin to the mountain belt [e.g., Lin and Watts, 2002; Tensi et al., 2006] . This low-velocity zone extends far to the east beneath Taiwan, possibly imaging the accretion of the Taihsi and foreland basin sediments to the orogen's fold and thrust belt. Thickening of the crust in the eastern part of these sections can be attributed to crustal stacking within the mountain belt and to bending of the plate as it enters into the Manila Subduction Zone.
Conclusion
In this study, the 3-D crustal structure of the Taiwan Strait has been determined for the first time from a joint Chinese and Taiwanese 3-D ambient noise tomography study. Crustal thickness ranges from 30 km ± 2 km along the coast of China, to about 20 km in the central part of the strait, before increasing to more than 40 km beneath the Taiwan mountain belt (Figure 7) . The extensional basins developed in the strait during the Eocene and Miocene are clearly imaged as low-velocity zones that are locally underlain by thin high-velocity areas interpreted magmatic rocks extruded during the extension. The connection westward between low-velocity zones beneath the island of Taiwan with the Taihsi and the foreland basins suggests that rocks from these basins extend far below the mountain belt. Alternatively, the velocity low beneath the island of Taiwan could, in part, reflect the high heat flow measured there [e.g., Kuo-Chen et al., 2012b] . The data also image a high-velocity anomaly near the surface in the Penghu Archipelago that is underlain by a velocity decrease that likely indicates a thermal anomaly related to the still cooling magma reservoir and feeding system to the higher velocity volcanic edifice at the surface. This feature implies that the middle to late Miocene thermal event that produced the Penghu flood basalts still has a significant effect on the crust and upper mantle in this part of the Taiwan Strait.
